Introduction
Synaptotagmin 1 is a synaptic vesicle protein that binds Ca 2 þ via its two C 2 -domains and functions as a Ca 2 þ sensor for fast neurotransmitter release (Perin et al, 1990; Geppert et al, 1994; Fernandez-Chacon et al, 2001) . The Ca 2 þ affinities of the synaptotagmin C 2 -domains are unphysiologically low (40.1 mM) in the absence of phospholipids, but are boosted to physiological levels (B1-20 mM Ca 2 þ ) in the presence of phospholipids (Ubach et al, 1998; Zhang et al, 1998; . In hippocampal synapses and in chromaffin cells, Ca 2 þ -binding to synaptotagmin 1 determines the Ca 2 þ affinity of fast exocytosis Sorensen et al, 2003) .
In addition to synaptotagmin 1, 14 other synaptotagmins exist that share the same overall domain structure, but differ in expression patterns and biochemical properties. Among the 'other' synaptotagmins, synaptotagmin 2 most closely resembles synaptotagmin 1 (76% sequence identity in mice), and is the only synaptotagmin besides synaptotagmin 1 that was unequivocally localized to synaptic vesicles (Geppert et al, 1991) . Synaptotagmins 1 and 2 both bind to SNARE proteins and phospholipids in a Ca 2 þ -dependent manner, although with distinct apparent Ca 2 þ affinities (Li et al, 1995a, b; Sugita et al, 2001 Sugita et al, , 2002 Rickman et al, 2004; Hui et al, 2005) . These data suggest that synaptotagmins 1 and 2 perform similar functions. Consistent with this hypothesis, synaptotagmin 2 rescues the synaptotagmin 1 deficiency phenotype in neurons and chromaffin cells (Stevens and Sullivan, 2003; Nagy et al, 2006) . However, synaptotagmin 2 has only been studied in overexpression experiments, and it remains unclear whether synaptotagmins 1 and 2 really perform equivalent functions. One reason for this uncertainty is that although synaptotagmins 1 and 2 share many properties, they also exhibit differences. For example, synaptotagmin 1 is primarily present in the forebrain, which contains almost no synaptotagmin 2, whereas synaptotagmin 2 is more abundant in caudal brain areas (Geppert et al, 1991; Ullrich et al, 1994; Marqueze et al, 1995; Berton et al, 1997) . Moreover, synaptotagmin 2 but not synaptotagmin 1 selectively binds inositolpolyphosphates (Fukuda et al, 1994; Mehrotra et al, 2000) .
Although synaptotagmin 1 has been studied more extensively than synaptotagmin 2, even its functional definition remains incomplete. Loss-of-function mutants of synaptotagmin 1 cause a decrease in fast Ca 2 þ -triggered synchronous release in all preparations tested (Littleton et al, 1993; Nonet et al, 1993; Geppert et al, 1994; Mackler et al, 2002; Yoshihara and Littleton, 2002; Sorensen et al, 2003; Nishiki and Augustine, 2004) , but the additional role of synaptotagmin 1 in other forms of release is unclear. Among others, this is illustrated by results with Drosophila synaptotagmin 1 mutants in which an increase of spontaneous release was observed at late larval stages (Littleton et al, 1993; Broadie et al, 1994; DiAntonio and Schwarz, 1994; Mackler et al, 2002) , but not at embryonic synapses (Yoshihara and Littleton, 2002) , or in larval synapses after acute inactivation of synaptotagmin 1 (Marek and Davis, 2002) .
In the present study, we describe mice that contain a point mutation in the synaptotagmin 2 gene. Analysis of synaptic transmission in the Calyx of Held of the mutant mice revealed that Ca 2 þ -triggered synchronous neurotransmitter release is decreased, but spontaneous release is enhanced. We show that synaptotagmin 1-deficient cortical neurons also displayed a similar phenotype. Our data, the first functional analysis of synaptotagmin 2 in neurons and of any synaptotagmin in a central synapse in situ, reveal that synaptotagmin 1 and 2 generally act in triggering evoked release and in limiting spontaneous release. This result is consistent with the notion that in different types of synapses, synaptotagmin 1 and 2 perform analogous functions in 'release slots' at the active zone (Maximov and Sü dhof, 2005) where they, possibly in a Ca 2 þ -independent complex with SNARE proteins, simultaneously stabilize primed vesicles in the absence of Ca 2 þ , and trigger the exocytosis of these vesicles in the presence of Ca 2 þ .
Results
An ataxic mouse harboring a point mutation in synaptotagmin 2 Synaptotagmin 2 I377N mutant mice were identified in a screen of chemically mutagenized mice by Ingenium Pharmaceuticals, and shown by standard procedures Stumm et al, 2002) to carry a single base pair substitution in exon 8 of the synaptotagmin 2 gene. This base pair change causes a nonconservative substitution (I377N) in the seventh b-strand of the C 2 B-domain ( Figures 1A and B) . Homozygous synaptotagmin 2 I377N mutant mice were viable but infertile, weighed less and were severely uncoordinated ( Figures 1C and E) . On a force actometer (Fowler et al, 2001) , wild-type (WT) mice walked along the edges of the plate, exploring all four sides with even, smooth movements. In contrast, synaptotagmin 2 I377N mutant mice stayed in a small sector of the force plate, and moved abruptly with sudden shifts of the head and tail, often appearing to shoot out of the perimeter of the force plate ( Figure 1E ). Quantitation of the cumulative movements of mice on the force plate showed that the ataxia index was increased 42-fold in synaptotagmin 2 I377N mutant mice compared to littermate WT controls ( Figure 1F ). Heterozygous mutant mice exhibited no change in weight ( Figure 1D ) or force-plate behavior (data not shown), indicating that the synaptotagmin 2 I377N mutation acts recessively.
As a first test of how the I337N mutation might alter synaptotagmin 2 function, we measured the levels of synaptotagmin 2 and a series of control proteins in the forebrain, cerebellum and spinal cord from littermate WT and synaptotagmin 2 I377N mutant mice ( Figure 1G and Supplementary Figure S1 ). Consistent with earlier studies (Ullrich et al, 1994; Marqueze et al, 1995) , synaptotagmin 2 was not detectable in the forebrain, but abundant in caudal brain regions. In the cerebellum and spinal cord from mutant mice, we observed a large decrease in synaptotagmin 2 (to 20-30% of WT levels) but an increase in synaptotagmin 1 (to 130-140% of WT levels; Figure 1G and Supplementary Table 1) . No other significant changes were found.
The synaptotagmin 2 I377N mutant C 2 B-domain is unstable but functional
To test the effect of the synaptotagmin 2 I377N substitution on the structural and functional properties of the C 2 B-domain, we examined recombinant WT and I377N-mutant C 2 Bdomains biophysically. The circular dichroism (CD) spectra of WT and mutant C 2 B-domains were indistinguishable, suggesting that the mutant domain folded correctly ( Figure 2A ). Thermal denaturation curves in the absence or presence of 5 mM Ca 2 þ showed that the mutant C 2 B-domain exhibited a sharp melting point that is shifted by Ca 2 þ to higher temperatures, consistent with Ca 2 þ -binding to the properly folded mutant C 2 B-domain ( Figure 2B ). However, both in the absence and presence of Ca 2 þ , the I377N-mutant C 2 B-domain was denatured at lower temperatures than the WT C 2 B-domain ( Figure 2C ).
We next investigated whether the I377N mutation alters phospholipid-or SNARE-binding by the C 2 B-domain. We measured phospholipid binding with a centrifugation assay that monitors Ca 2 þ -dependent binding of recombinant C 2 -domains to liposomes , using the double C 2 A/B-domain fragment instead of the single C 2 Bdomain because the properties of the normally occurring double C 2 A/B-domain fragment differ from those of the single domains (Earles et al, 2001; Fernandez-Chacon et al, 2001) . To ensure that we did not miss subtle shifts in apparent Ca 2 þ affinity, we included the PKCb C 2 -domain as an internal standard ( Figure 2D ). We found that the apparent Ca 2 þ affinities of WT and mutant C 2 -domains were indistinguishable (WT C 2 B: EC 50 ¼ 7.070.1 mM Ca 2 þ ; I377N-mutant C 2 B: EC 50 ¼ 6.770.1 mM Ca 2 þ ), but higher than that of the PKC C 2 -domain (10.070.0 mM Ca 2 þ (n ¼ 5)). We next examined the binding of SNARE proteins to WT and mutant synaptotagmin 2 ( Figures 2E and F) . We prepared homogenates of the cerebellum and brainstem from WT and synaptotagmin 2 I377N mutant mice under conditions favoring SNARE complex assembly, immunoprecipitated synaptotagmin 2 or syntaxin-1 and analyzed the immunoprecipitates by immunoblotting. We found that both WT and I377N-mutant synaptotagmin 2 co-immunoprecipitated with syntaxin-1, SNAP-25 and synaptobrevin-2 ( Figures 2E and F) . The immunoprecipitations were specific because control antibodies were inactive, and control proteins were not co-immunoprecipitated (data not shown), and because synaptotagmin 1 was not brought down by the synaptotagmin 2 antibodies ( Figure 2E ). To test whether SNARE proteins bind less well to mutant synaptotagmin 2, or whether binding of synaptotagmin 1 to SNARE proteins is upregulated in mutant synapses, we quantitated the amount of co-immunoprecipitated synaptotagmin 1 and 2 as well as co-immunoprecipitated SNAP-25 and synaptobrevin 2 in syntaxin-1 immunoprecipitates ( Figure 2F ). However, we found that synaptotagmin 2 mutation did not impair binding of synaptotagmin 2 to immunoprecipitated SNARE complexes, nor did the mutation lead to a compensatory increase in synaptotagmin 1 binding to SNARE complexes. Viewed together, these experiments establish that the synaptotagmin 2 I377N mutation impairs the motor behavior of the mutant mice by destabilizing synaptotagmin 2 and depressing synaptotagmin 2 levels without altering the known functional properties of synaptotagmin 2.
Neurotransmitter release in WT and synaptotagmin 2 I377N mutant neurons
To measure whether neurotransmitter release is altered in the mutant mice, we examined synaptic transmission in the Calyx of Held synapse, using whole-cell recordings in the MNTB (medial nucleus of the trapezoid body) in acute brainstem slices. Immunofluorescence labeling showed that the Calyx terminals only contain synaptotagmin 2, but no detectable synaptotagmin 1 (Figure 3 ). In synaptotagmin 2 I377N mutant Calyx synapses, staining for synaptotagmin 2 is significantly decreased ( Figure 3A) as expected from the decrease in synaptotagmin 2 protein levels in the mutant mice (Figure 1 ), but no upregulation of synaptotagmin 1 was observed ( Figure 3B ).
We first patched presynaptic Calyx terminals and postsynaptic MNTB neurons simultaneously to monitor both presynaptic Ca 2 þ currents and postsynaptic EPSCs, and stimulated release with a presynaptic depletion protocol (Sakaba and Neher, 2001 ). According to this protocol, we depolarized the terminals from À80 to þ 80 mV for 4 ms, partly repolarized them to 0 mV for 50 ms and then returned them to the holding potential of À80 mV ( Figure 4A ). These experiments were performed with tetrodotoxin (1 mM), kynurenic acid (1 mM), cyclothiazide (0.1 mM) and D-AP-5 (50 mM) in the bath solution.
We found that synaptotagmin 2 I377N mutant synapses exhibited no major change in presynaptic Ca 2 þ currents ( Figure 4A, Supplementary Figure S2 ), but that the EPSCs 
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I377N mutant mice (m/m; black) expressed as the percent of WT levels ( þ / þ ; gray). Protein levels were determined in three independent pairs of littermate WT and synaptotagmin 2 I377N mutant mice using quantitative immunoblotting with 125 I-labeled secondary antibodies and PhosphoImager detection. For additional proteins, see Supplementary data. Abbreviations used: syt 1 and syt 2, synaptotagmin 1 and 2; Syb, synaptobrevin; Syp, synaptophysin (*Po0.05). In these and all subsequent figures, data shown are means7s.e.m.'s; statistical significance is assessed with the Student's t-test.
displayed a significantly longer latency, slower risetimes and decreased EPSC amplitudes, consistent with a role for synaptotagmin 2 in Ca 2 þ triggering of release ( Figure 4B -D). The total charge transfer, when integrated over 2 s, was not significantly different between WT and mutant synapses ( Figure 4E ), whereas the kinetics of release was dramatically altered. Plotting the normalized charge transfer as a function of time and fitting it with a three-exponential function ( Figure 4F ) revealed that the time constant for the first component of release was 42-fold longer for mutant than for WT synapses, while the time constants for the second and third components were unchanged ( Figure 4G ). Moreover, the relative contributions of the three components to total release changed significantly: in WT synapses, the second component accounted for almost 90% of the total charge transfer, whereas in mutant synapses, the contribution of the -mutant synaptotagmin 2 (tested as purified GST fusion proteins). Liposomes (25% PS/75% PC) were incubated at the indicated free Ca 2 þ concentrations with the C 2 AB-domain fragment of synaptotagmin 2 and the C 2 -domain of PKCb (as an internal control); bound C 2 -domains were measured by SDS-PAGE and Coomassie staining. Upper panel shows a representative Coomassie-stained gel; binding was quantified in multiple independent experiments by scanning of Coomassie-stained gels as shown in lower panel. (E, F) Binding of WT and I337N-mutant synaptotagmin 2 to SNARE complexes analyzed by immunoprecipitations. Synaptotagmin 2 (E) or syntaxin-1 (F) were immunoprecipitated from detergent-solubilized brain extracts from control and synaptotagmin 2 I377N mutant mice without or with Ca 2 þ ; co-precipitated proteins were examined by immunoblotting (syt 1 and 2 ¼ synaptotagmins 1 and 2; Syb 2 ¼ synaptobrevin 2). In (F), the amount of synaptotagmins 1 and 2, SNAP-25 and synaptobrevin 2 present in the syntaxin-1 immunoprecipitates in the absence of Ca 2 þ were quantified using 125 I-labeled secondary antibodies and PhosphoImager detection.
second component was halved, but the contribution of the third component increased five-fold ( Figure 4H ). To examine release triggered by action potentials (APs), we induced APs by afferent fiber stimulation, and measured postsynaptic responses by whole-cell recordings. The amplitude and charge of the AP-induced EPSCs were significantly smaller in synaptotagmin 2 I377N mutant than in WT synapses ( Figures 5A and B) . In addition, we unexpectedly found that the frequency of unitary release events was dramatically enhanced in synaptotagmin 2 I377N mutant synapses ( Figure 5C ). In the following discussion, we refer to all unitary release events as 'minis', independent of whether they are recorded from resting synapses or from synapses stimulated by APs. At rest, the miniature EPSC (mEPSC) frequency was potentiated almost five-fold in mutant synapses ( Figure 5C ). After an AP, the mini frequency was increased in both WT and mutant synapses, but the absolute increase was B2-fold higher in mutant than in WT synapses ( Figure 5D ). The augmentation in mini frequency in synaptotagmin 2 I377N mutant synapses, however, was insufficient to compensate for their decrease in synchronous release, because the total charge of the AP-induced EPSC (the sum of synchronous and spontaneous release) when integrated over 100 ms was significantly reduced in synaptotagmin 2 I377N mutant synapses ( Figure 5B ; please note that this result refers to an AP-induced EPSC as opposed to the presynaptic depletion protocol applied in Figure 4E ).
The decrease in evoked release and the increase in spontaneous release could reflect abnormal synaptic vesicle priming that establishes the readily releasable pool of vesicles (RRP). One operational definition of the RRP is the amount of release triggered by the application of hypertonic sucrose, which provokes Ca 2 þ -independent release of vesicles (Rosenmund and Stevens, 1996) . To measure the RRP, we puffed 2 M sucrose onto the terminal for 1 s using a glass pipette that was positioned close to the Calyx (o5 mm). Hypertonic sucrose induced a train of mEPSCs; integration of the charge transfer revealed that the WT and synaptotagmin 2 I377N mutant synapses produced similar amounts of sucrose-induced release ( Figures 5E and F) .
Release evoked by AP stimulus trains
We next monitored synaptic responses induced by 40 APs applied at 50 Hz, a physiological stimulation frequency for this synapse (Sommer et al, 1993) . In WT synapses, the EPSC amplitudes initially depressed during the stimulus train to stabilize at a steady-state level, but the EPSC time course remained completely synchronous ( Figure 6A ). Although the initial EPSCs were decreased in synaptotagmin 2 I377N mutant synapses, no use-dependent depression was observed, and EPSCs stabilized after B5 APs in mutant synapses at the same average amplitude as in WT synapses ( Figure 6B ). When plotted as normalized data, this behavior manifests as moderate facilitation ( Figure 6C) . Thus, the increase in residual Ca 2 þ that presumably accumulates during the highfrequency train 'rescues' the decrease in synchronous release in synaptotagmin 2 I377N mutant synapses; as a result, the mutant synapses exhibit the same amount of neurotransmitter release as WT synapses after B5 APs ( Figure 6B ).
As observed in response to a single AP, synaptotagmin 2 I377N mutant synapses exhibited a massive stimulationdependent increase in mini frequency during AP trains ( Figure 6D) . We plotted the cumulative number of minis as a function of time during the stimulus train, and corrected for the increase in mini frequency in mutant synapses by adjusting the slope of cumulative mini events before stimulation to zero ( Figure 6E ). The corrected plot thus represents the accumulated mini release during and after the stimulus train. According to the slope of the accumulative mini release, the average rate of mini release during stimulation (indicated by the horizontal bar in Figures 6D and E) was estimated as 0.45 vesicle/ms for synaptotagmin 2 mutant synapses and 0.06 vesicle/ms for WT synapses. In synaptotagmin 2 mutant synapses, the latter part of the trace (after 2.8 s) could be fitted with a double-exponential function (t1 ¼0.21 s (37%), t2 ¼1.79 s (63%); Figure 6E ). In contrast, the WT trace could only be fitted by a single-exponential function with a long time constant (33 s), implying the negligible amount of mini release after stimulation.
Spontaneous neurotransmitter release in WT and synaptotagmin 2 I377N mutant neurons
To test whether the increase in mini frequency in synaptotagmin 2 I377N mutant synapses reflects an intrinsic alteration of the release machinery or is due to residual bulk Ca 2 þ remaining after an AP, we systematically examined spontaneous minis in MNTB neurons at rest, both from P7-P9 and from P14 mice, and both in the presence or absence of Ca 2 þ (Figure 7) . We found that at P7-P9 and at P14, the resting mini frequency was dramatically increased in synaptotagmin 2 I377N mutant synapses (46 times at P7-P9; 412 times at P14), whereas the mini amplitudes and rise times were unchanged (Figure 7) . Removal of Ca 2 þ by application of 0.1 mM BAPTA-AM in a Ca 2 þ -free bath solution had no effect on the amplitudes and risetimes of minis, but reduced the frequency of minis in both WT and mutant synapses B10-fold ( Figure 7B and D) . Even under Ca 2 þ -free condition, synaptotagmin 2 I377N mutant synapses exhibited an increased mini frequency (B3 times at P7-P9; B5 times at P14). Quantitatively, Ca 2 þ removal caused a relatively larger decrease in mini frequency in mutant synapses (B18-fold at P7-P9, B12-fold at P14) than in WT synapses (B5-fold at both P7-P9 and at P14), indicating that although the mini frequency in mutant synapses is enhanced in the absence of Ca 2 þ , it is increased more strongly than in WT synapses by the low levels of Ca 2 þ present in resting synapses. To ensure that the changes observed are not specific to the Calyx synapse, we additionally monitored minis as miniature endplate potentials (mEPPs) in neuromuscular junctions (NMJs) of diaphragm muscle in WT and synaptotagmin 2 I377N mutant mice at P16. Again, we detected a massive increase in mini frequency in mutant synapses ( Figure 8A ), but no changes of mini amplitudes and risetimes. Next, to confirm the generality of the observed effect of Ca 2 þ on spontaneous release in the Calyx (Figure 7) , we tested the effect of Ca 2 þ on mini frequency in NMJs by recording mEPPs either in Ca 2 þ -free external solution with BAPTA-AM (to ensure that the conditions are totally Ca 2 þ free) or in external solutions containing 2, 5 or 10 mM Ca 2 þ ( Figure 8C ). These recordings were performed at P22 when NMJ development is more mature. As in the Calyx synapse, significant spontaneous release was observed even in the total absence of Ca 2 þ , but was dramatically enhanced with increasing concentrations of Ca 2 þ . At all Ca 2 þ concentrations exam- ined-both in the complete absence of Ca 2 þ and in the presence of high extracellular Ca 2 þ concentrations-the frequency of mEPPs was several fold higher in mutant NMJs than in NMJs from littermate control mice ( Figure 8D ).
Deletion of synaptotagmin 1 also increases mini frequency
The properties we describe here for synaptotagmin 2 I377N mutant synapses resemble those of the synaptotagmin 1-deficient synapses in mice with one exception: no increase in mini frequency was detected in autapses from such mice Nishiki and Augustine, 2004) , although recent analyses of cortical inhibitory synapses from synaptotagmin 1-deficient mice suggested that such an increase may in fact occur (Maximov and Sü dhof, 2005) . To examine this question, we measured the mini frequency in synapses formed by cultured cortical neurons from synaptotagmin 1-deficient mice. We monitored both excitatory and inhibitory synapses, and examined the effects of either lowering or raising the Ca 2 þ concentration ( Figures 9A-D) . In resting excitatory and inhibitory synapses, deletion of synaptotagmin 1 enhanced the mini frequency B5-fold. Decreasing Ca 2 þ in the bath depressed, whereas increasing Ca 2 þ augmented the mini frequency both in WT and mutant synapses; however, under both conditions the large difference between the mutant and WT synapses was retained ( Figure 9D ). The addition of EGTA-AM to remove intracellular Ca 2 þ had little further effect on mini frequency in WT and mutant synapses. Thus, synaptotagmin 1-deficient cortical synapses behave very similar to synaptotagmin 2 I377N mutant synapses in that an intrinsic difference in mini frequency is present. In synaptotagmin 1-deficient synapses, this difference is not a compensatory change in response to the decrease in release because it persisted even after prolonged treatment of the cultures with TTX, which should abolish all network activity in WT and mutant synapses ( Figure 9D) .
We next applied two closely spaced APs to examine whether stimulation of release increases mini frequency in synaptotagmin 1-deficient neurons. We found that after the APs, the mini frequency was enhanced in both WT and mutant synapses, again with mutant synapses exhibiting a higher frequency (Figures 9E and F) . The stimulation-depen- dent increase in mini frequency in mutant synapses was abolished by EGTA-AM, demonstrating that it is due to the increase in intracellular Ca 2 þ produced by the APs (Figure 9F ).
Discussion
Using mutant mice that carry a single amino-acid substitution (I377N) in synaptotagmin 2, we demonstrate that synapto- tagmin 2 is an essential component of the Ca 2 þ -triggering machinery for release in the Calyx of Held synapse. Moreover, we show that impairment of synaptotagmin 2 enhances the rate of spontaneous synaptic vesicle exocytosis, as does deletion of synaptotagmin 1. Our study demonstrates that the normal function of synaptotagmin 2 is analogous to that of synaptotagmin 1, although performed in different neurons, thereby extending the synaptotagmin 1 paradigm to synaptotagmin 2. In addition, our data reveal that synaptotagmin 1 and 2 generally limit spontaneous release at a synapse. These results show that synaptotagmin 1 and 2, as integral components of the release machinery, control initiation of fusion pore opening of synaptic vesicles at the active zone.
Effect of the I377N substitution on synaptotagmin 2
Three observations show that the I377N mutation does not change known functional properties of synaptotagmin 2, but destabilizes synaptotagmin 2 in the brain. First, the I377N-mutant C 2 B-domain was normally folded (Figure 2A ) but exhibited decreased thermal stability ( Figures 2B and C) . Second, mutant synapotagmin-2 I377N exhibited apparently normal Ca 2 þ -dependent phospholipid binding and Ca 2 þ -dependent and Ca 2 þ -independent SNARE binding ( Figures 2D-F) . Finally, the levels of mutant synaptotagmin 2 I377N were selectively decreased B5-fold in the brainstem and spinal cord of the mutant mice ( Figure 1G) . Hence, the phenotypes observed in the I377N-mutant mice likely arise from a reduction in the amount of synaptotagmin 2 protein.
Synaptotagmin 2 functions in the fast Ca 2 þ triggering of neurotransmitter release In Calyx synapses, the synaptotagmin 2 I377N mutation slowed the time course of release and decreased the EPSC amplitude (Figures 4 and 5) . Both the latency and risetime of EPSCs were increased ( Figures 4B and C) . The size of the RRP, as defined by the amount of release that can be triggered with hypertonic sucrose, was unchanged ( Figures 5E and F) . Overall, this phenotype resembles that of the synaptotagmin 1 deletion in hippocampal and cortical synapses (Maximov and Sü dhof, 2005) , suggesting that synaptotagmin 1 and 2 perform analogous functions, although in different synapses.
The I377N mutation impairs release in the Calyx synapse less severely than the synaptotagmin 1 deletion in hippocampal or cortical synapses Maximov and Sü dhof, 2005) . This difference is most likely due to the fact that the I377N mutation does not delete synaptotagmin 2, but only decreases its levels (Figure 1, Supplementary Figure S1 and Supplementary Table 1) . Thus, residual synaptotagmin 2 may mediate the remaining Ca 2 þ -triggered fast release.
Synaptotagmin function in asynchronous release
Synaptotagmin 1-deficient synapses exhibit no significant change in asynchronous release in response to single APs, but display a selective increase in asynchronous delayed release triggered by trains of APs (Maximov and Südhof, 2005) . The delay in the EPSC time course after a 50 ms depolarization in synaptotagmin 2 I377N mutant synapses suggests that a similar increase in asynchronous delayed release may be present in the synaptotagmin 2 mutant ( Figure 4H ).
Alternative explanations for this delay are that it is caused by a change in the properties of postsynaptic receptors, such that the receptors remain active longer, or by a decrease in the clearance of glutamate from the synaptic cleft, such that 'lingering' glutamate continues to activate receptors. The fact that the shape of spontaneous minis and of EPSCs triggered by isolated APs is not altered in synaptotagmin 2 I377N mutant neurons makes the two alternative explanations implausible. Moreover, it is difficult to imagine a postsynaptic mechanism for synaptotagmin 2 because synaptotagmin 2 is highly enriched in presynaptic vesicles. This indicates that, as previously demonstrated for synaptotagmin 1 mutants (Maximov and Sü dhof, 2005) , the synaptotagmin 2 mutants may exhibit an increase in delayed release.
Synaptotagmin 1 and 2 function in spontaneous 'mini' release In synaptotagmin 2 I377N mutant mice, Calyx and NMJ synapses exhibited large increases in mini frequency at rest, after removal of Ca 2 þ , and after stimulation by APs (Figures 5-8) . Thus, the synaptotagmin 2 mutation increases both spontaneous Ca 2 þ -independent fusion and fusion induced by residual Ca 2 þ after an AP. The increase in spontaneous fusion is not a peculiar effect of the I377N mutation, but reflects a general participation of synaptotagmins in spontaneous exocytosis because we observed a comparable increase in mini frequency in both excitatory and inhibitory synapses in cortical neurons from synaptotagmin 1-deficient mice (Figure 9 ). This increase again was Ca 2 þ -independent, and was not due to a homeostatic effect because the difference was retained after chronic treatment with TTX. Furthermore, in synaptotagmin 1-deficient cortical neurons, minis were also increased after AP stimulation (Figures 9E and F) .
Previous studies obtained conflicting data on minis in synaptotagmin mutants. In autapses formed by cultured hippocampal neurons, deletion of synaptotagmin 1 consistently does not increase spontaneous release (e.g., see Geppert et al, 1994; Shin et al, 2003; Nishiki and Augustine, 2004) . However, in the NMJ of Drosophila, deletion of synaptotagmin 1 increased mini frequency at least under certain conditions (Littleton et al, 1993; Broadie et al, 1994; DiAntonio and Schwarz, 1994 , see discussion in the Introduction), and overexpression of synaptotagmin 1 or 2 in frog NMJs inhibited spontaneous release (Morimoto et al, 1998) . We observed an increase in mini frequency for mutations in two different synaptotagmins (synaptotagmin 1 and 2) and four different synapses (the Calyx of Held synapse, the NMJ, and excitatory and inhibitory cortical synapses), suggesting that the lack of this phenotype in autapses is peculiar to that system, and that synaptotagmin 1 and 2 mutations truly alter spontaneous fusion. Moreover, in cultured neurons this phenotype was not abolished by activity blockade (Figure 9D ), demonstrating that the mini frequency increase is not a secondary phenomenon of decreased synaptic activity.
Implications for the mechanism of Ca 2 þ triggering of fast release by synaptotagmin 1 and 2 Together with earlier data, our results demonstrate that synaptotagmin 1 and 2 are not passive inhibitors of fusion that block a constitutive fusion reaction because the total amount of Ca 2 þ -dependent fusion is dramatically decreased in the absence of synaptotagmins. Conversely, synaptotagmin 1 and 2 do not simply act separately from the fusion machinery but are intrinsic components of this machinery because in their absence, spontaneous fusion, even under totally Ca 2 þ -free conditions, is enhanced. Previous observations showed that synaptotagmin 1 is unlikely to be a component of the fusion pore (Sorensen et al, 2003) . Consistent with these observations, we thus propose that synaptotagmin 1 and 2 bind to assembled SNARE complexes during priming (Shin et al, 2003; Rickman et al, 2004 ) to achieve two effects: first, to inhibit spontaneous fusion and evoked fusion triggered by low Ca 2 þ concentrations that are unable to activate synaptotagmin 1 and 2, and second, to position synaptotagmin 1 and 2 close to where the fusion pore will form, presumably by SNARE proteins. This model suggests Ca 2 þ flowing into the terminal during an AP triggers fusion pore opening by binding to the synaptotagmin C 2 -domains, which in turn causes these C 2 -domains to bind to the phospholipid membrane, thereby inducing a mechanical stress on the membrane that is instrumental in catalyzing fusion pore opening.
Although this hypothesis accounts for all currently available data, it raises questions that need to be addressed before it can be considered plausible. A key question relates to SNARE binding: if Ca 2 þ -independent binding of SNAREs by synaptotagmin 1 and 2 is crucial, why do synaptotagmins additionally bind to SNAREs in a Ca 2 þ -dependent manner? Another question regards the role of complexins that bind to SNARE complexes and are essential for normal Ca 2 þ triggering of release, but whose action is obscure (McMahon et al, 1995; Reim et al, 2001) . A third question concerns the nature of asynchronous release during and after APs. Clearly, additional Ca 2 þ sensors must exist, but do these trigger release analogous to, but slower than synaptotagmin 1 and 2, or do these Ca 2 þ sensors simply act indirectly by accelerating reactions upstream of the final fusion step? Future experiments using additional tools that need to be developed will have to address these issues.
Materials and methods
Generation, breeding and analysis of synaptotagmin 2 I377N mutant mice Synaptotagmin 2 I377N mutant mice were generated by Ingenium Pharmaceuticals in a screen of chemically mutagenized mice Stumm et al, 2002) . All analyses described were performed on littermate offspring of heterozygous matings to control for background effects.
Behavioral assays
Force-plate actometry (Fowler et al, 2001 ) was performed with 3-month-old mice on a force plate (28 cm Â 28 cm) for 6 min. The ataxia index was calculated from the area:distance ratio measured from the movement traces monitored over 6 min (normal range: 0.26-0.60).
Expression and purification of recombinant proteins
WT and I377N-mutant synaptotagmin 2 and PKC C 2 -domain expression vectors in pGEX-KG were described previously (Guan and Dixon, 1991; Sugita et al, 2001) or generated by mutagenesis. Recombinant C 2 B-domain proteins were stripped of their bacterial contaminants by treatment with benzonase and extensive washing as described ; see Supplementary data).
Centrifugation phospholipid binding assays
Ca 2 þ -dependent phospholipid binding assays were carried out with purified soluble GST fusion proteins in 50 mM HEPES-NaOH, pH 6.8, 0.1 M NaCl and 4 mM Na 2 EGTA using a centrifugation assay Shin et al, 2002 Shin et al, , 2003 .
CD spectra CD spectra were recorded on an Aviv model 62 DS spectropolarimeter at 200 to 260 nm using a 1 mm path-length cell. Thermal denaturation curves were collected by monitoring the absorption at 217 nm, with or without 5 mM Ca 2 þ . The fraction of unfolded protein at each temperature was calculated by using the formula (I obs ÀI f )/(I u ÀI f ), where I obs is the observed signal intensity, and I u and I f are the signal intensities of the unfolded and folded states, respectively. I u and I f as a function of temperature were calculated by extrapolation of the linear regions at the extremes of the unfolding curves.
Immunoprecipitations were performed from brain homogenates using synaptotagmin 2 polyclonal (A320) or syntaxin monoclonal (HPC-1) antibodies essentially as described (Shin et al, 2003) .
Immunofluorescence labeling of brainstem cryostat sections was performed with antibodies to synaptotagmins 1 or 2 and to synapsins (syt 1: 41.1, 1:5000; syt 2: A320, 1:500; synapsin: Cl10.22, 1:1000 or E028, 1:1000) essentially as described (Ullrich et al, 1994 , see Supplementary data).
Brain slicing and whole-cell recordings from MNTB neurons
Preparation of slices (200 mm thickness), simultaneous whole-cell recordings of the nerve terminal and the postsynaptic neuron were performed mostly as described (Borst et al, 1995; Wu and Borst, 1999) . Presynaptic whole-cell recordings were made with an EPC-9 amplifier (HEKA, Lambrecht, Germany) and postsynaptic recordings with an Axopatch 200B amplifier (Axon Instruments Inc., Foster City, CA). The pre-and postsynatpic series resistances (o15 MO) were compensated by 60 and 98% (lag 10 ms), respectively. Both pre-and postsynaptic currents were low-pass filtered at 5 kHz and digitized at 20 kHz. mEPSCs were analyzed by a home-made program in Igor, which automatically recognizes individual single mini events in the trace.
NMJ recordings
Intracellular recordings from isolated whole diaphragm were made using an Axoclamp 2B amplifier in normal Ringer's solution (for Figure 8A : 136.8 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1mM NaH 2 PO 4 , 12 mM NaHCO 3 , 11 mM D-glucose and 2 mM CaCl 2 ) or in HEPES buffer for the Ca 2 þ titrations ( Figure 8B : 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, pH 7.4) with a sharp electrode containing 3 M KCl. mEPPs were analyzed by minianalysis software (Synaptosoft Inc., NJ).
Neuronal cortical cultures from E18 or P1 pups of WT or synaptotagmin 1-deficient mice were obtained and used for recordings as described (Maximov and Sü dhof, 2005) .
Statistical analysis
All data are presented as means7s.e.m.'s, and were analyzed using the two-tailed paired Student's t-test.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
